Codon usage in nuclear genes of four monocot and three dicot species was analyzed to find general patterns in codon choice of plant species. Codon bias was correlated with GC content at the third codon position. GC contents were higher in monocot species than in dicot species at all codon positions. The high GC contents of monocot species might be the result of relatively strong mutational bias that occurred in the lineage of the Poaceae species. In both dicot and monocot species, the effective number of codons (ENCs) for most genes was similar to that for the expected ENCs based on the GC content at the third codon positions. G and C ending codons were detected as the "preferred" codons in monocot species, as in Drosophila . Also, many "preferred" codons are the same in dicot species. Pyrimidine (C and T) is used more frequently than purine (G and A) in four-fold degenerate codon groups.
INTRODUCTION
Non-random codon usage in synonymous codon families has been observed in many organisms. The biased codon usage is thought to be a result of natural selection (Sharp and Li 1986 , Akashi 1994 , 1995 or directional mutation pressure (Jukes and Bhushar 1986 , Osawa et al. 1988 , Sueoka 1988 , Kano et al. 1991 . Positive correlation between frequencies of abundant tRNAs and frequently used codons (Ikemura 1981ab, Moriyama and Powell 1997) and between gene expression level and codon bias (Grantham et al. 1981, Moriyama and Hartl 1993) have been reported. These observations are considered to be evidence of natural selection related to efficiency of translation. On the other hand, the correlation between codon usage bias and GC content in surrounding noncoding region has been taken as a support for directional mutation pressure (Ikemura 1985) . In some organisms, such as human and yeast, codon usage in genes is related to locations in the genome because of the mosaic patterns of GC content (Bernardi 1993, Sharp and Lloyd 1993) .
In plant species, codon usage has been also investigated (Murray et al. 1989 , Campbell and Gowri 1990 , Carels et al. 1995 , Miyashita et al. 1998 , Carels and Bernardi 2000 , De Amicis and Marchetti 2000 . These studies revealed that codon usage bias also exists in plant species and that the patterns of codon usage differ between monocot and dicot species. Monocots (mostly Poaceae species), in comparison to dicot species, have greater GC content at all positions in codons, suggesting different genomic organization and mutational pressures.
Direct experimental evidence for a positive correlation between codon usage and gene expression had been reported by transforming plants with vectors expressing genes with modified codon usage (Perlak et al. 1991 , Jensen et al. 1996 , Iannacone et al. 1997 , Rouwendal et al. 1997 . In both dicot and monocot species, when the third codon position was modified to a G or C, increased expression of the modified gene was observed. This relation between GC content at the third position and expression level suggests that codon bias is related to efficiency of translation in both monocot and dicot species.
In the present study, hundreds of coding sequences (CDSs) from four monocot and three dicot species were analyzed for codon usage bias. The main purpose of this study was to investigate the general patterns of codon usage bias in plants. Different patterns of codon usage between CDSs within a species and between monocot and dicot species have been reported. Herein, we report the common features of codon choice in plant species and provide possible explanations for the similarities. from the CUTG (Codon Usage Tabulated from Genbank) database (Nakamura et al. 1997) . In the present study, we analyzed nuclear CDSs of four monocot species (all Poaceae species; Triticum aestivum , Hordium vulgare , Oryza sativa , and Zea mays ) and three dicot species ( Arabidopsis thaliana , Nicotiana tabacum , and Pisum sativum ).
Only nuclear genes were analyzed. CDSs that were registered more than twice and mitochondrial or chloroplast genomic genes were eliminated from the analyses. Because there is a negative correlation between codon bias and gene length, i.e., codon usage is restricted in short CDSs (Wright 1990 ), CDSs of less than 100 codons were not included.
The monocot species analyzed were all from the grass family ( Poaceae ), because sufficient sequence amounts were available for analysis. To reduce any bias due to our limited sample, we included genes from other monocot species in our analysis. Codon usage in each gene of other monocot species was compared to that in analyzed seven species. These genes included calmodulin of Lilium longiflorum ( Liliaceae ), histone H3 of Asparagus officinalis ( Liliaceae ), invertase of Allium cepa and Tulipa gesneriana ( Liliaceae ), ACC synthase of Dendrobium crumenatum ( Orchidaceae ), and RbcS, ACC synthase and ACC oxidase of Musa acuminata ( Musaceae ).
Data analysis. The tryptophan, methionine, and three stop codons were excluded form analysis. GC contents of the entire gene, first, second, and third codon positions (GCall, GC1, GC2, and GC3, respectively) and effective number of codons (ENCs) (Wright 1990) were then calculated. GC12 was used for neutrality plot analyses and is the average of GC1 and GC2. The expected ENC values from GC3 were calculated according to the equation (4) in Wright (1990) , which assumes equal use of G and C (A and T) in degenerate codon groups. To determine the "preferred" codon for each synonymous codon group, codon usage of high and low ENC CDSs are compared according to the method of Akashi and Schaeffer (1997) by cutting 10% codons for each case.
RESULTS
Codon usage of plant species. GC contents in the seven species analyzed in the present study is summarized in Table 1 . The average GC3s were significantly higher in monocot species than in dicot species. GC1 and GC2 values were also significantly higher in monocot species than in dicots. These results were consistent with the higher genomic GC contents in Poaceae species reported by Salinas et al. (1988) . Differences in GC content were greatest at the third codon position followed by the first and second positions. The differences in GC content at the second codon position, where changes cause amino acid substitutions, between dicot and monocot species suggested that a different GC mutation bias leads to different codon choice despite changes in protein sequences. To analyze relations among the three codon positions, neutrality plots (GC12 vs GC3) (Sueoka 1988) were analyzed for the seven species ( Figure 1 ). As previously reported (Murray et al. 1989, Campbell and Gowri 1990) , monocot species had a wide range of GC3, whereas dicot species had narrow GC3 distributions. In monocot species except T . aestivum , there were significant correlations, and the slope of the regression line was approximately 0.14. The significantly positive correlation in neutrality plots of monocot species indicated that the intragenomic GC mutation bias effect the GC contents similarly among all position of codons. In contrast, there were no significant correlations in dicot species, and the slope of the regression line was near zero suggesting that there are low mutation bias or high conservation of GC contents level throughout the genome. Selection against mutational bias could cause narrow distribution of GC contents and no correlation between GC12 and GC3 in dicot species. In this study, it could not be concluded whether a higher level of directional mutation exists in monocot species, or high levels of selection against directional mutation exist in dicot species.
Relation between ENC and GC3. The codon bias parameter, ENC, revealed greater biased codon usage in Poaceae species than in dicot species (Table 1) . The relation between GC3 and ENC (Nc plot, Wright 1990) was analyzed to determine whether the difference in ENC is related to the difference in GC contents between dicot and monocot species (Figure 2) . Monocot species and dicot species showed different patterns of Nc plot. CDSs of dicot plants appeared to cluster around the expected ENCs of 30% to 50% GC3, whereas CDSs of monocot plants showed GC3s with a wide distribution of 50% to 100%. Although the Nc plot differed between dicot and monocot species, ENCs of most CDSs were close to the expected values based on their GC3s. The similarities between expected and actual ENCs suggest that most of
Fige. 2. Relation between GC3 and ENCs (Nc plot). ENCs were plotted against GC content at the third codon position. The expected ENCs from GC3 (Wright 1990 ) are shown as a solid line.
CDSs contained codons predicted from the GC contents. To estimate the difference between observed and expected ENC values, we calculated (ENCexp-ENCobs)/ENCexp. The frequency distributions of (ENCexp-ENCobs)/ENCexp are shown in Figure 3 . In both monocot and dicot species, there was a single peak. The shape and location of the peaks were similar among the seven monocot and dicot species. In all species, the peak located in 0-0.1 of (ENCexp-ENCobs)/ENCexp value and most CDSs have 0-0.2 of (ENCexp-ENCobs)/ENCexp values indicating that most CDSs have ENCs slightly smaller than expected ENC values from their GC3s. This result suggested that the difference in codon bias between monocot and dicot species is dependent on the difference in GC content at the third codon position. Despite the difference in GC contents among plant species, most CDSs in the dicot and monocot species used codons predicted from the GC content at the third codon position. The difference in ENC between dicot and monocot species might reflect the difference in GC contents at the third positions.
"Preferred" codons in plant species. The Nc plot showed that the pattern of codon usage differs between dicot and monocot species. These differences resulted primarily from differences in GC content. However, within a species, the Nc plot pattern could not distinguish between natural selection and mutational pressure. Wright (1990) suggested two ways to distinguish selection and mutation bias. If mutation bias is the cause of codon bias, GC or AT should be used proportionally among the degenerate codon groups in a gene. In contrast, natural selection for codon choice would not necessarily cause proportional use of G and C (A and T). These differences might be more obvious in highly biased-codon CDSs, because highly biased codon CDSs use a restricted set of codons. Thus, "preferred" codons, which are those codons used frequently in each degenerate codon group in highly biased codon usage CDSs, were determined according to the method of Akashi and Schaeffer (1997) (Table 2 ). In two-fold degenerate codon groups, codons with G or C in the third position were detected as the "preferred" codons in four monocot species. This result is consistent with our observation of a negative correlation between GC3 and the ENCs in these monocot species (Figure 2) . In monocot species, CDSs with low ENCs (highly biased codon usage) had high GC3, and the reverse was true. However, in four-fold degenerate codon groups, although most "preferred" codons ended in either G or C in the monocot species, codons with C in the third position were detected more frequently in some four-degenerate codon groups such as Arg, and Gly. In T . aestivum , codons with G in the third position were not detected as "preferred" codons in the Leu, Ala, and Ser codon groups. These results suggested that not only simple GC mutational pressure but also other factors influence codon preference in highly biased CDSs in Poaceae species. In dicot species, "preferred" codons tended to have U in the third position, especially in N. tabacum and P. sativum. This result is consistent with the AU richness of the third codon position in these two species (Table 1, Figures 1, 2) . However, the "preferred" codons could be determined in only about half of the synonymous codon groups in N. tabacum and P. sativum. In A. thaliana, some codons ending in U were detected as "preferred" codons, although codons ending in G or C were also detected as "preferred" codons. In A. thaliana, more than half of the detected "preferred" codons were the same as those detected in monocot species. In the three dicot species, codons with A in the third position were not detected as "preferred" codons, with the exception of CCA in Pro four-fold degenerate codon group.
Relation between A and T and between C and G contents. If GC mutation pressure determined codon usage in each codon group, G and C (A and T) should be used proportionally. However, in the above analyses, CDSs with highly biased codon usage did not use GC and AT equally. To investigate whether these biased codon choices are restricted in highly biased CDSs, the relation between G and C content and between A and T content in four-fold degenerate codon families were analyzed by PR2 bias plot (Sueoka 1999a) (Figure 4) . Despite the different GC contents between dicot and monocot species, a higher proportion of pyrimidines (C and T) to purines (G and A) was observed in all seven species analyzed. C and T were used more frequently than G and A in all comparisons except for A3/(A3 + T3) contents in T. aestivum and G3/(G3 + C3) in A. thaliana. Differences between C and G and between A and T contents were observed commonly in most CDSs. This observation indicated that the pattern of codon choice is similar among all plant species analyzed and among all levels of codon bias.
DISCUSSION
High GC contents in monocot species. The four monocot species analyzed in this study had higher GC contents at all codon positions than dicot species had (Table 1) . If monocot species diverged from dicot species (Chase et al. 1993 ), these patterns must have developed after the split of monocot species from dicot species. Another explanation is that Poaceae species have GC contents higher than those of other plant species. Codon usages in other non-Poaceae monocot species are shown in Table 3 . Monocot species have higher GC3 in all of these genes than dicot species, but the difference is not the same among the families. GC3 values in Liliaceae and Orchidaceae were slightly higher than those in dicot species, but those in Musaceae were only slightly lower than those in Poaceae species. The phylogenetic study (Chase et al. 1993) showed that the most divergent family from Poaceae is Liliaceae followed by Orchidaceae and then Musaceae. These phylogenetic relations indicate that high GC contents may be present in all monocot species, but greater in Commelinidae, especially in Poaceae. The different patterns of the neutrality plots between monocot and dicot species support this idea. Reduced selection against mutational bias for monocot species could cause a wide distribution of GC3 values as suggested for bacterial species (Sueoka 1999b) . Although reduced selection and stronger mutation bias cannot be distinguished, one or both of these events occurred in the lineage that lead to monocot species. To examine the changes in GC contents in monocot species in greater detail, further analysis of additional CDSs from many non-Poaceae species is needed. Neutrality plot in plant species. Neutrality plots of plant species (Figure 1) revealed that there are significant correlations between GC12 and GC3 in monocot but not dicot species. The slopes of the regression lines in monocot species are approximately 0.14, whereas those in dicot species are nearly zero. This value for monocots is approximately half of that estimated for bacterial species (Sueoka 1999b) but is similar to that for human genes (Sueoka 1999a (Sueoka , 2001 ). When CDSs with GC3 less than 0.6 were analyzed, monocot species did not show significant correlations and the slope of the regression line was nearly zero (data not shown). The significant positive correlations between GC12 and GC3 in monocot species were related to the wide distribution of GC3 values. Because the GC3s of dicot and monocot species show compositional correlations of homologous genes (Carels et al. 1998) , GC3 levels may be related to gene functions. The width of the GC3 distribution might be related to the variation in the levels of directional mutation pressure or selection against mutational biases.
Similarities in patterns of codon usage among monocot and dicot plant species. In the present study, there were three similar findings among monocot and dicot species, although GC contents of these species were different. The first similarity is that the actual ENCs in most CDSs were similar to those predicted from their GC3s. The second similarity was presence of "preferred" codons that were similar among species. The "preferred" codons in monocot species were similar to those in Drosophila melanogaster (Akashi 1994) . Codons with G and C at the third position were detected as "preferred" codons. In four-fold degenerate codon groups, C was determined as the "preferred" codon more frequently, although both G and C ending codons could be detected as "preferred" codons. In dicot species, especially in A. thaliana, many "preferred" codons were the same as those in monocots and Drosophila. Highly biased CDSs, which have restricted codon usages, have the same trend in codon choices. The third finding is that pyrimidines (C and T) were used more frequently in codons than purines (G and A). This pattern was found in all CDSs. In dicot and monocot species, despite the difference in GC contents, the codon choice tendencies were similar among most CDSs.
These findings suggested that there are two main factors that determine the level and pattern of codon usage in plant species. The difference in GC/AT contents caused within-genome and inter-species differences in codon usage in plant species. The second factor is CT richness, which is similar among most CDSs in all species. Because of general bias for CT in codon usage, most CDSs use codons that are biased slightly from their GC contents.
The causes of different GC contents are thought to be due to differences in mutational bias or natural selection for synonymous codon choice. Because all codon positions have higher GC contents in monocot species than dicot species, difference in mutation bias and/or genome composition are responsible for variations of GC contents between species. In contrast, the cause of different GC contents within a species is not easily explained. However, the similarity in "preferred" codons in monocot species, Drosophila, and A. thaliana, suggests there are GC preferences in highly biased codon usage CDSs. Because A. thaliana did not show GC richness in the third codon position, GC mutation bias as well as natural selection appear to cause the within-genome differences in codon usages. CT richness should be related to natural selection. Because CT richness was observed irrespective the level of codon usage bias, a generalized mechanism for codon choice might exist. CDSs are generally located in both DNA strands, thus the biased use of pyrimidines is not the result of simple stand-specific mutational biases as that observed in mitochondrial genomes (Anderson et al. 1981; Roe et al. 1985; Desjardins and Morais 1990) . Coding sequence specific bias might occur similarly among all plant species analyzed in this study. Although the exact mechanism underlying CT biased codon usage in plants could not be determined in the present study, translation and transcription efficiencies may be involved. To clarify the mechanism underlying difference in purine and pyrimidine usage in codons at the third position, direct analyses, such as transforming plants with modified codon usage genes, are needed.
